Maleylated bovine serum albumin is a known ligand for targeting macrophages and has potential as a carrier for molecular imaging purposes. We present a novel synthesis of glycolaldehyde-conjugated human serum albumin (GA-HSA) and maleylated human serum albumin (Mal-HSA). Seventeen modifications of fluorescently tagged GA-HSA and Mal-HSA molecules with different degrees of conjugation were prepared. The comparative uptake studies, using 12 of these modifications, were done in vitro on mouse monocytes/macrophages (RAW264.7), and evaluated qualitatively by confocal microscopy and quantitatively by flow cytometry. The GA modifications are taken up by the macrophages approximately 40% better than the maleyl modifications at low concentrations (≤3 μM), while at higher concentrations it appears that the maleyl modifications are taken up around 25-44% better than the GA-modified HSA. However, high uptake at low concentrations will be beneficial for in vivo localizing inflammation in areas with low penetration of the probe as in an atherosclerotic plaque. Further, another advantage of GA-HSA is that GA competes less than the maleyl group for the free reactive amine sites that are to be used for conjugation of metal chelating ligands (e.g. tetraazacyclododecanetetraacetic acid and triazacyclononanetriacetic acid 
INTRODUCTION
With the growing interest in molecular imaging of inflammation in general, and atherosclerotic inflammation in particular, shown by many recent publications (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) , there is a need for new imaging probes of the various modalities now available for atherosclerosis imaging. Novel probes will need to be more specifically targeted to the cells, enzymes or antigens of interest in order to appear promising in the clinical field. Atherosclerosis is established as a progressive, chronic, inflammatory disease (13, 14) with major fatal danger lying in the formation of labile and vulnerable plaques prone to rupture (15) (16) (17) , causing thrombosis. Currently, the gold standard of clinical atherosclerosis imaging is based on visualization of vessel stenosis and plaque morphology, so the important biological information at the cellular level is somewhat limited and needs to be addressed. It has been shown that the danger of plaque depends neither on the sheer size nor the degree of stenosis, but rather on the cellular composition of the plaque (15) (16) (17) . A highly vulnerable plaque has a thin fibrous cap and elevated levels of inflammatory cells such as monocyte-derived macrophages, T-lymphocytes, mast cells and lipid-laden foam cells where at least the macrophages and lymphocytes are already present from the early stages of the disease (18) . Macrophages are identified as one of the most important cellular components in formation and destabilization of plaques and are, therefore, interesting as targets for new imaging probes (19) . Several scavenger receptors are over-expressed on the plaque macrophage surfaces and have a broad ligand specificity for a large variety of polyanionic macromolecules, for example, maleylated bovine serum albumin (Mal-BSA) (20, 21) and glycolaldehyde conjugated bovine serum albumin (GA-BSA) (21) (22) (23) (24) (25) . Mal-BSA, and other modified albumins, have also been shown to target scavenger receptors on macrophages in different types of malignant tumours (26) (27) (28) as well as scavenger receptors on sinusoidal liver endothelial cells (29) . Modified albumins used as carriers of signal providing moieties have previously also been shown useful for imaging of macrophages by Gustafsson et al. (30) and by Tawakol et al. (31) . With a well-designed imaging probe there is a potential to target macrophages in atherosclerotic plaques, or other inflamed tissues, using these modified albumins and thereby detect early signs of disease. Therefore, we studied the uptake in macrophages of glycolaldehyde-conjugated human serum albumin (GA-HSA) and maleylated human serum albumin (Mal-HSA) by means of flow cytometry and confocal microscopy.
MATERIALS AND METHODS

General
All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated. HSA ( ≥ 96%), GA dimer, racemate (crystalline), maleic anhydride (Mal-A) (Fluka, ≥ 99.0%), fluorescein isothiocyanate (FITC) (FluoroTag™-kit), Pacific Blue™ succinimidyl ester (PB; (Invitrogen, Molecular Probes, Eugene, OR, USA), 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-Dglucose (2-NBDG; Invitrogen, Molecular Probes), 4',6-diamidine-2'-phenylindole, dihydrochloride (DAPI; >99%, KPL, Gaithersburg, MD, USA), tetramethylammonium hydroxide (25% sol.), phosphoric acid ( ≥ 85%), dimethyl sulfoxide (DMSO), anhydrous ( ≥ 99.5%) and 1X phosphate buffered saline (PBS) (pH 7.4, Gibco, Paisley, UK) were used as purchased without further purification.
In order to determine the optimal reaction conditions for the syntheses of GA-HSA and Mal-HSA, a range of different molar ratios between the modifying ligand and HSA were used. Molar ratios used for GA:HSA were between 151:1 and 1409:1 and for Mal-A:HSA, they ranged between 174:1 and 621:1.
We synthesized and used for confocal microscopy studies the following probes: GA 9 -HSA-FITC n , GA 16 
Preparation and fluorescence labelling of GA-HSA
The methods used by Nagai et al. (24) were followed and GA was conjugated to mainly the free, accessible lysyl amines but also to the arginyl amines, by formation of a Schiff base (24) . A typical preparation proceeded as follows: 50 mg (~0.75 μmol) HSA was dissolved in 25 ml 1× PBS and solid glycolaldehyde dimer was added in portions during stirring at ambient temperature. The pH was monitored and it changed from~7.9 to~8.0 by the addition of GA dimer. Stirring was continued for approximately 48 h and the final pH was 7.7. The solution was filtered using a 0.2 μm filter and then purified on a custom made 13 mm × 185 mm Sephadex G-50 desalting column with distilled demineralized water (ddH 2 O) as eluent. The product was then lyophilized before further analysis. The fluorescence labelling with FITC followed the protocol in the labelling kit and was verified by UV-vis spectrophotometry (Shimadzu UV mini 1240, Shimadzu, Kyoto, Japan). The amount of fluorophore bound to each HSA molecule was determined by matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS). For the flow cytometry studies the GA-conjugation was made using a batch of FITC pre-labeled HSA in order to ensure equal amounts of fluorescent groups on all modifications. For the flow cytometry analysis of the competition study, HSA was first labeled with PB, following a typical procedure. Then 10 mg (~0.15 μmol) HSA was dissolved in 2.0 ml 0.1 M sodium bicarbonate buffer, pH 8.65, and 200 μl solution of~2 mg PB in anhydrous DMSO was added drop-wise while continuously stirring at ambient temperature for 3.5 h. The solution was then purified on a custom-made 13 mm × 185 mm Sephadex G-50 desalting column with ddH 2 O as eluent and the product lyophilized before further analysis. The HSA-PB was then conjugated with GA, following the procedure described above (molar ratio GA:HSA; 663:1). The number of bound fluorophores was determined by MALDI-MS.
Preparation and fluorescence labelling of Mal-HSA
By following a modification of a method described by Butler and Hartley (32) , maleyl groups were conjugated, at different degrees, to the free and accessible lysyl and arginyl amines on the protein, through the formation of an amide bond. A typical preparation proceeded as follows: 50 mg (~0.75 μmol) HSA was dissolved in 25 ml 0.1 M tetramethylammonium phosphate buffer, pH 9.00 at ambient temperature, and solid Mal-A was added in portions. The solution was stirred and pH was kept within the range of 8.5-9.0 by drop-wise additions of 2.5% tetramethylammonium hydroxide solution. After approximately 10 min, the reaction was complete, indicated by no further release of acid and a constant pH of 8.6. Immediately after the reaction, the solution was purified on a custom-made 13 mm × 185 mm Sephadex G-50 desalting column with ddH 2 O as eluent. Thereafter, samples were lyophilized before further analysis. The fluorescence labelling followed the protocol in the FITC-labelling kit and was verified by UV-vis spectrophotometry. For the flow cytometry studies, the maleyl conjugations were made using FITC pre-labeled HSA in order to ensure equal amounts of fluorescent groups on all modifications. Bound amount of FITC was determined by MALDI-MS.
Mass spectrometry
MS (Applied Biosystems Voyager DE-PRO MALDI-TOF, Foster City, CA, USA) was used to analyze the number of GA, Mal, FITC and PB groups that were conjugated to the HSA and to determine the molecular mass of the final products. A sample preparation of 0.5 μl of the analyte (10 pmol/μl in 0.1% formic acid, was mixed with 0.5 μl saturated sinapinic acid solution in a 1:2 mixture of acetonitrile -0.1% trifluoroacetic acid. The droplet on the target plate was dried at room temperature before analysis on a target plate and the sample was analyzed by MALDI and the resulting ions analyzed by time-of-flight mass spectrometry. By comparisons between the average molecular mass of the different HSA-modifications with that of the pure HSA, an approximate average number of GA, Mal, FITC and PB groups could be determined. The method accuracy was estimated to ±300 g/mol. RAW264.7 mouse monocytes/macrophages were seeded on gelatine coated eight-chambered well-slides at a density of~100 000 cells/well and incubated for 24 h in 400 μl serum-free RPMI-1640 medium supplemented with insulin, transferrin and selenium medium (ITS-medium). Four different fluorescent HSA-based agents -GA 9 -HSA-FITC n , GA 16 -HSA-FITC n , Mal 41 -HSA-FITC n and Mal 54 -HSA-FITC n , a non-modified negative control -with HSA-FITC n and 2-NBDG dissolved in 400 μl ITS medium were applied, at different concentrations, to the cells, which were incubated for 15 min at 37°C. Cells were then washed with 3 × 500 μl 1× PBS, fixated with zinc formaldehyde for 15 min and incubated for another 10 min with DAPI for nuclei staining. The slides were then mounted for confocal microscopy where the uptake of the fluorescent probe was studied. Images were obtained on a Leica TCS SP5 system (Leica Microsystems, Wetzlar, Germany) using 488 nm as the excitation wavelength.
Flow cytometry
As a first experiment, B1, to quantify the cellular uptake of the probe, the cells were seeded on 12-well plates at a density of 500 000 cells/well and incubated for~6 h in 2 ml serum-free RPMI-1640 medium supplemented with ITS-medium and then incubated with 1 ml of four different probe solutions -GA 40 -HSA-FITC 1.8 , GA 74 -HSA-FITC 1.8 , Mal 28 -HSA-FITC 1.8 and Mal 38 -HSA-FITC 1.8 -at five different concentrations in ITSmedium for 15 min at 37°C. The cells were then washed with 3 × 2 ml 1× PBS and scraped off, collected and separated from the medium and re-suspended in 1 ml 1× PBS and analyzed by flow cytometry using a Dako Cytomation CyAn™ ADP Analyzer flow cytometer (Dako, Glostrup, Denmark) with an excitation wavelength of 488 nm. Uptake was evaluated for agents conjugated with GA and with Mal groups using the concentrations from 0 to 11.9 μM. Nonconjugated HSA-FITC 1.8 was used as negative control. Comparisons were also done using the fluorescent glucose analog 2-NBDG, to resemble the uptake of 18 F-fluorodeoxyglucose commonly used for PET-imaging. A second experiment, B2, a competition study between two probe modifications -GA 23 -HSA-PB 29 and Mal 46 -HSA-FITC 2.4 -was then undertaken. The cells were seeded on 12-well plates at a density of~500 000 cells/well and incubated for~6 h in 2 ml serum-free RPMI-1640 medium supplemented with ITS-medium, and then simultaneously incubated with the two probes in one solution of 1.5 ml ITS-medium for 15 min at 37°C at six different concentrations, 0-15 μM. The cells were then washed with 3 × 2 ml 1× PBS and scraped off, collected and separated from the medium and re-suspended in 1 ml 1× PBS, then analyzed by flow cytometry using the same system as above, with excitation wavelengths of 488 nm for the FITC-conjugated Mal-HSA and 405 nm for the PB-conjugated GA-HSA.
RESULTS
Probes
Our probes are based on HSA acting as a carrier of the imaging active moiety. For recognition by macrophages, HSA can be modified by groups making the conjugate polyanionic such as with maleyl groups by conjugation with Mal-A or by GA conjugation.
The The outcomes of the conjugation reactions were found somewhat difficult to unambiguously interpret, and the degree of conjugation was difficult to predict and control accurately with only molar ratios. MS analyses of all the different probes demonstrated variable degrees of conjugation but correlations between ligand:HSA molar ratios and number of conjugated ligands were observed.
Cell studies
In order to evaluate the cellular uptake of the probes, the mouse monocyte/macrophage cell line RAW264.7 was employed. Uptake was examined by confocal microscopy and flow cytometry.
Confocal microscopy
For nice clear visualization of the molecular uptake in vitro, several different probes were prepared for confocal microscopy imaging. The images presented in Fig. 1 are examples of the uptake of two different GA-modifications and two different maleyl modifications. Cells were incubated with different concentrations of the compounds and uptake of the agent could be verified as well as differences in the uptake depending on the type of modification and concentration by just looking at the images. wileyonlinelibrary.com/journal/cmmi
Flow cytometry
In B1, four different fluorescently FITC-labelled probes (1.8 FITC per HSA determined by MALDI-MS) were synthesized and modified with varying degrees of GA and maleyl groups to facilitate the analyses. The flow cytometry analyses showed a concentration-dependent uptake of all HSA-modifications and virtually no uptake of the deoxyglucose analog control 2-NBDG. They also showed a 4-to 6-fold increase in uptake of both types of modification compared with the nonmodified FITC-labelled HSA as seen in Fig. 2 . Up to a probe concentration of approximately 5 μM the uptake of the GA-conjugated HSA compounds was shown to be~20-100% higher than that of the Mal-HSA conjugates. At higher probe concentrations the Mal 38 -HSA uptake deviated from the linear behavior and uptake increased significantly, while the GA 74 -HSA uptake decreased at similar concentration. In B2, two different probes were synthesized (FITC-or PBlabelled) and both probes showed simultaneous uptake, with approximately 40% higher uptake for GA-HSA than for Mal-HSA below the concentration of 3 μM. However, above that concentration, the Mal-HSA outcompeted the other modification and, at~15 μM, Mal-HSA was taken up at a~44% higher degree of total uptake than GA-HSA as shown in Fig. 3 .
DISCUSSION
BSA molecules modified with, for example, maleyl-or malondialdehyde groups are known to target macrophages through their surface scavenger receptors, especially the class A scavenger receptors (SR-A) (21) . Additionally, Nagai et al. indicates that modifications of BSA with GA are also recognized by SR-A as active ligands (24) . The purpose of this study was to compare the GA modification with the maleyl modification, aiming to evaluate its efficiency in order to be taken up by macrophages in vitro. Thus, the GA-modification could possibly prove to be a better choice as a targeted carrier of PET-and/or MR-active metals than the previously reported imaging probe Mal x -BSA-[2-(4-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic (30) . Assuming that HSA and BSA are interchangeable for this purpose, we used HSA instead of BSA to create a probe that is more adapted for future human use.
The fluorophores as well as the prospective metal chelators, in these cases S-2-(4-isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid (p-SCN-Bz-NOTA) or p-SCN-Bz-DOTA, for the PET-and/or MR-active metals, also react with the lysyl amine groups and thus compete for the same sites as the maleyl and the GA groups. For MRI purposes, owing to the low sensitivity of the technique, it is important to have many paramagnetic centers per molecule. Therefore, the number of free amine sites available for conjugation with the metal chelator is of greatest importance. This is not as important for PET imaging since the technique is extremely sensitive and it only demands a much lower number of bound positron emitters to provide enough signal. The GA binds to both lysyl and arginyl amine groups and by following the synthesis by Nagai et al. (24) the GA leaves~12-16 free lysyl residues. The Mal-A BSA-modification reaction (32) is shown to only leave~3 free lysyl amine groups (33); therefore GA competes less strongly with FITC, PB or the metal chelators than Mal-A does, leaving more available lysyl amine sites. This would be a benefit to the imaging properties of the probe, especially for MR-imaging.
Probes
Plain HSA has 60 amine sites that originate from the lysine amino acids, and 27 amine sites originating from the arginine amino acids, which are theoretically available (34) . The maleyl groups as well as the GA groups bind to both the lysyl and arginyl amines but maleyl occupies~20% more of the free lysyl amine sites (33) than the GA (24), possibly owing to less steric hindrance. The moieties necessary for imaging properties that is, FITC, PB, p-SCN-Bz-NOTA or p-SCN-Bz-DOTA will also be bound to the lysyl amines utilizing the isothiocyanate group that can form a thiourea bond, or for PB using the succinimidyl ester group to form an amide bond, with the primary amines. For the fluorescence imaging, that moiety is the FITC or the PB and we plan to use p-SCN-Bz-NOTA or p-SCN-Bz-DOTA for chelation of a suitable positron-emitting metal. Previously it has been shown that, the higher the degree of maleylation, the higher the cellular uptake and that a~60% maleylation degree (~36 maleyl groups per molecule of BSA) of BSA is optimal to balance with a sufficient amount of gadolinium in order to present useful relaxivity values for MRI (30) . A modification that utilizes other amine sites or less of the lysyl amine sites for conjugation would enable more free sites for conjugation of the imaging contrast providing groups, which would make it easier to conjugate groups necessary for binding gadolinium ions for the less sensitive MR-imaging and give higher cellular uptake at lower concentrations. This theory was initially the reason for investigating the albumin derivatization with glycolaldehyde and comparison with the well-studied maleyl conjugation of albumin (20, 21) .
Cell studies
Confocal microscopy
The likely differences in the number of conjugated FITC molecules (0.5-5 FITC/HSA) between the probes synthesized initially make it difficult to conclude which probe is actually taken up the most. Visual examination indicated that the GAmodifications were taken up to a greater degree than the maleyl modifications ( Fig. 1) . However, since a highly conjugated (with GA or Mal) HSA has fewer sites that are free for FITC conjugation than a lower conjugated one, it is possible that this can result in lower fluorescence intensities. The concentration dependence of the uptake of the different probes is thus difficult to determine, and a matter of subjectivity, to quantitatively evaluate by visual inspection of microscopy images; therefore, analysis using flow cytometry was employed.
Flow cytometry
This technique counts and measures the size and granularity of cells and correlates that to their fluorescence. The uptake concentration dependency for each probe can then be evaluated by plotting the median fluorescence intensity against the different probe concentrations.
The dependence on the amount of maleyl groups seems to be concomitant with results from a previous publication (30) , that is, the more maleyl groups the higher the cellular uptake. For the GA modification, this difference seems very small, at least below 6 μM. By comparison of the two types of modification, it could be observed that, for the lower concentrations (<5 μM), GA modified HSA is taken up at a higher degree, 20-100%, than Mal-HSA. At higher concentrations, conclusions from the uptake are more uncertain since the higher modified HSAs seem to deviate slightly from the apparent trends of the lower modified agents. Considering the Mal 38 -HSA-FITC 1.8 , it is clear that uptake increases in a concentration-dependent manner and that uptake is higher than that of the less conjugated Mal 28 -HSA-FITC 1.8 , as shown (30) . For GA 74 -HSA-FITC 1.8 , the decrease of uptake at concentrations above 5 μM might occur because cells get saturated with the agent earlier owing to the larger spatial size. A limitation of the study might be that the distribution of differently conjugated HSA molecules in the same batch makes it difficult to know exactly which molecular modification is actually taken up in the highest amount. Most likely, they are all taken up but with slightly different affinities toward the cellular receptors.
Compared with the modified HSA conjugates, the uptake of HSA-FITC 1.8 was very low, which was expected, and the uptake of 2-NBDG was negligible. Possibly the cells needed to be immune activated or more metabolically active in order to show uptake of a glucose analog like this fluorescent deoxyglucose.
To evaluate which modification has the strongest affinity to the SR-A of the cells, a competition study was performed where both the Mal-HSA and GA-HSA were added to the cells. This experiment showed a higher average uptake of the GAconjugated HSA at lower (≤3 μM) concentrations but an increasing uptake of maleyl conjugated HSA at higher concentrations. A higher uptake at lower concentration levels could be beneficial when it comes to targeting and visualizing areas of low-grade inflammation or with reduced circulation and probe access as in atherosclerotic plaques. In such a case the GA-modified HSA would be preferred. A possible explanation for the lower macrophage uptake of GA-HSA than Mal-HSA at high probe concentrations might be the lower degree of conjugation of GA to the HSA; furthermore, the relatively high amounts of the PB fluorophore possibly could affect the uptake values negatively owing to its size. There might be a possibility that conjugation of the tentative metal chelating moieties, that is, p-SCN-Bz-NOTA or p-SCN-Bz-DOTA, to HSA could also affect the cellular uptake in a negative way owing to their size and amounts of up to 30 molecules per HSA. However, previous uptake studies in macrophages of Mal 36 -BSA (Gd-DOTA) n (10 ≤ n ≤ 22) have shown that uptake of the modified BSA occurs even with 22 Gdcoordinated DOTA-moieties (30).
CONCLUSION
The GA-modifications appear to be taken up better by the RAW264.7-cells than the maleyl modifications at lower probe concentrations. This would be a definite advantage in situations with low expected probe concentrations in vivo, applying molecular imaging for instance to detect inflammation in atherosclerotic plaques. Another advantage of GA-HSA would be that GA seems to compete less than maleyl for the free reactive amine sites of HSA which will be used for binding contrast providing moieties. These important features, especially considering the future use of MR contrast, where enhanced binding of sufficient amounts of contrast and optimal uptake in regions of interest are very important, will help overcome the low sensitivity of the technique. Keeping the injected dosage to a minimum is, of course, also preferable. These theoretical advantages, in conjunction with the results of our uptake studies, might motivate in vivo exploration of the potential benefit of GA-HSA over Mal-HSA.
